Seismic data generated by a novel, seabed-coupled, shear-wave vibrator (prototype) and recorded by a densely-populated, multicomponent ocean-bottom cable allowed several modes of propagation of Love and Scholte waves to be retrieved in a relatively wide frequency band. Both global dispersion curves and local dispersion curves are extracted in the frequency-wavenumber (f -k) domain and inverted with a multimodal joint Scholte and Love wave inversion algorithm. Monte Carlo inversion is used for a estimating the global S-wave velocity profile of the seabed sediments whereas laterally constrained inversion is used to detect lateral variations of the layer interface depths. The results are in agreement and allowed consistent full-waveform simulation to be performed. The investigation depth is limited to around 40 m due to the low shear wave velocities within the shallow clay layer.
I N T RO D U C T I O N
The scientific literature contains only few publications that document Scholte and Love surface waves inversion to establish a nearsurface shear (S-) wave velocity model. Winsborrow et al. (2003) inverted Love wave dispersion curves to estimate the S-wave velocity of the first few metres below the seabed using a seafloor horizontal pulse source. Bohlen et al. (2004) extracted Scholte waves from a single ocean-bottom seismometer receiver gather and inverted apparent dispersion curves using a full-waveform inversion approach for S-wave velocity down to about 65 m below seabed. Shtivelman (2004) extracted Scholte waves and surface wave leaking modes from offshore seismic reflection and refraction data to estimate Pand S-wave velocities to 35 m below seabed. In all these examples, as often in the common practice of surface wave analysis, inversion uses only the fundamental mode of propagation, whereas if higher modes are available in the data, they yield additional information on wave propagation that can improve inversion results. In addition, the joint inversion of Love and Scholte waves bears information on anisotropy in the subsurface. * Now at: Statoil, Drammensveien 264, Vaekerø, Norway.
Over the last years, the importance of including higher surface wave modes in inversion schemes was reported in a number of studies. The inclusion of higher modes allows for more information to be exploited for a number of reasons: (1) Higher modes can be sensitive to model parameters to which the fundamental mode is only poorly sensitive (Socco & Strobbia 2004) ; (2) Their inclusion could stabilize the inversion process ; (3) Their inclusion enhances the resolution and potentially the accuracy of the inverted model ) and (4) The investigation depth increases (Gabriels et al. 1987) . On the other hand, several authors also highlighted difficulties when including higher modes in inversion. These are mainly related to the fact that there is no generic relationship between the fundamental and the higher modes, and to the impossibility to determine the mode order of the data points (Zhang & Chan 2003) . Several authors (Ganji et al. 1998; Lai & Rix 1999; Forbriger 2003a,b) proposed multimodal inversion methods based on the computation of the effective dispersion curve (the Rayleigh wave velocity obtained by the superposition of several modal curves). Other authors defined different strategies for associating the experimental dispersion curve branches to specific modes of propagation. Recently, presented an alternative approach, based on a different misfit function to simultaneously invert several branches of dispersion curve without the 238 V. L. Socco et al. Overview map (source: etopo2v2 bathymetry, National Geophysical Data Center) of the northern North Sea showing the location of the seabedcoupled shear wave source experiment at the Gjøa field, on the eastern flank of the Norwegian Channel, a prominent ice-stream pathway (white arrows; Ottesen et al. 2005; Nygård et al. 2007) . The outline of the Holocene Storegga landslide (Bryn et al. 2005 ) is shown by the bold black line. The thin black line marks the border between the Norwegian and UK sectors in the northern North Sea. Shaded areas within the Norwegian sector represent oil, gas and condensate fields and discoveries (source: Norwegian Petroleum Directorate).
need of associating them to a specific mode number and account for modal superposition without the need of calculating the effective dispersion curve.
Another important issue in the use of surface waves for the characterization of marine sediments is the possibility of retrieving lateral variations of the S-wave velocity. Surface waves are usually inverted using a 1-D forward modelling algorithm and the inversion result is hence a vertical S-wave velocity profile. When several dispersion curves are available along a seismic line, they are usually inverted individually and the models determined are subsequently interpolated or merged as a pseudo-2-D velocity section (Tian et al. 2003; Bohlen et al. 2004; Hayashi & Suzuki 2004; Grandjean & Bitri 2006) . To improve the final model resolution, the whole set of dispersion curves can also be inverted using a laterally constrained inversion (LCI) scheme in which all curves are inverted simultaneously, minimizing a common objective function (Socco et al. 2009 ). The result is a pseudo-2-D section built up of a set of 1-D models, in which each separate model is linked to an experimental dispersion curve and these neighbouring 1-D models are then connected sideways by lateral constraints. This paper is the follow-up of the paper by Vanneste et al. (2011) in which a seismic data acquisition experiment using a novel, seabed-coupled, shear wave vibrator prototype, developed by NGI with support from Statoil, is presented. The data were acquired at Gjøa-an oil/gas/condensate field in the northern North Sea (Fig. 1) -to improve geomechanical soil characterization and geohazards risk in field development, in particular considering the presence of a shallow water flow underneath the Quaternary succession. Inversion of surface waves is critical for the uppermost soil units. The paper by Vanneste et al. (2011) describes the technology, the site and the acquired multicomponent shear wave data in detail. Several dispersion curve branches, related to different modes of surface wave propagation, are retrieved for Scholte waves using the vertical and in-line horizontal component traces. Similarly, multimodal Love wave dispersion curves are retrieved from cross-line horizontal component traces. In this paper, an inversion NGI's seabed vibrator and surface waves 239 strategy based on Monte Carlo multimodal joint inversion to determine a global S-wave velocity profile and on a multimodal, LCI to determine local S-wave velocity profiles along the seismic line is described with particular regard to the method performances in terms of investigation depth and anisotropy estimation.
G E O L O G I C A L S E T T I N G
The Gjøa reservoir from which production started in Autumn 2010 lies on the eastern flank of the Norwegian Channel (Fig. 1) . The geological record indicates that glaciers repeatedly reached the shelf break during the last 1.1 myr (Sejrup et al. 2000) . The presence of characteristic mega-scale lineations within this coast-parallel depression indicates that ice streams draining different parts of the Fennoscandian ice sheet converged within the Norwegian Channel (Ottesen et al. 2005) . The last deglaciation started around 18 ka. The interplay with sea level fluctuations and changes in oceanographic patterns implies that soil conditions within the Norwegian Channel can vary significantly from place to place.
At the site of the shear wave source experiment, the seabed is 364 m deep. The stratigraphy reflects the alternations between glacial and interglacial conditions. Extensive, relatively uniform deformation till sequences are separated by glacial erosional surfaces, which in places are draped with a veneer of glacio-marine to marine sediments (Sejrup et al. 2000) . The main geological interfaces are flat reflections. The top soil is soft Holocene clays deposited on predominantly glacial to glacio-marine sediment, spanning the Quaternary. The Base Quaternary unconformity forms an anticline structure, probably related to the first major cross-shelf advance of the glaciers. It truncates sediments of Eocene age. The hiatus between top Eocene and Base Quaternary is presumably related to erosion following Tertiary uplift of mainland Scandinavia.
A shallow water flow-a sedimentary formation with abnormally-elevated fluid pressure underneath a low-permeability formation-was encountered in an exploration well within Eocene sands underneath the anticline Base Quaternary consisting of lowpermeable clays.
S H E A R WAV E DATA
The seismic data used in this paper were acquired with a novel, seabed-coupled, horizontal shear wave vibrator and recorded with a densely populated 4C ocean-bottom cable (Vanneste et al. 2011) . The source signal was a linear up-sweep that lasted 7.5 s followed by an equally long listening period. Frequency content was from a few Hertz up to 60 Hz. The source signal was designed to compensate inertia of the source and its design. Sweeps were repeated to enhance signal-to-noise ratio. The source remained stationary throughout the experiment, but was rotated to allow inline and cross-line polarizations. Systematically dragging the cable allowed for an effective geophone spacing of 2.5 m, to limit spatial aliasing. Data processing consisted of editing, despiking, correlation, hodogram analysis, component reorientation interleaving, sorting, stacking and bandpass frequency filtering. Time-domain examples of the three main source-receiver combinations (i.e. inline source with in-line receivers; cross-line source with cross-line receivers and in-line source with vertical receivers) are presented in Fig. 2 . The first and third combinations contain Scholte waves, whereas the second combination contains Love waves, characterized by steeply dipping (thus low-velocity), dispersive events on the time-domain data.
For further details and specifications of the seismic experiment, we refer to the joint paper by Vanneste et al. (2011) .
M E T H O D
Different approaches exist to extract dispersion curves from multichannel seismic data. One of these is the frequency (f )-wavenumber (k) transform. In the f -k spectrum, surface waves typically stand out as curvilinear, high-amplitude events. The f -k amplitude spectra of the different components of the seismic records reveal several modes of both Scholte and Love wave dispersion curves (Vanneste et al. 2011; Fig. 3 ). This observation calls for the use of a multimodal inversion algorithm rather than limiting the analysis to include only the fundamental model.
The multimodal inversion algorithm , developed by Politecnico di Torino, is based on the Haskell-Thomson forward modelling (Thomson 1950; Haskell 1953; Haskell 1964; Dunkin 1965; Gilbert & Backus 1966; Herrmann & Wang 1980) . In the Haskell-Thomson modelling, dispersion curves correspond to the zeros of the determinant of a matrix depending on the physical properties-in particular shear wave velocity-of a 1-D subsoil model. For a given model, this determinant is a surface in the frequency-velocity domain and assumes the value of zero in correspondence of the modal dispersion curves of the given model. The inversion approach considers a misfit F based on the implicit function whose zeros are modal curves (Ernst 2007; Ernst 2008; Maraschini et al. 2008) .
Where T is the Haskell-Thomson matrix, and is a function of velocity v, frequency f and model m.
In other words, the goal of the algorithm is to find a model whose Haskell-Thomson matrix determinant evaluated on experimental points is as close as possible to zero. This approach allows all the modes to be taken into account automatically without the need of specifying the mode each data point belongs to. Furthermore, the Haskell-Thomson determinant assumes very low values in the zones of the velocity-frequency domain where the energy can easily pass from one mode to another. Hence, the approach accounts for modal superposition without the need of calculating effective dispersion curves.
The inversion algorithm does not minimize the distance between observed and numerical dispersion curves and therefore it does not require the dispersion curve calculation. Consequently, it has the additional advantage of reducing computational cost for the misfit evaluation and it is suitable to be implemented in a Monte Carlo inversion (MCI) scheme .
The main criticism of this multimodal inversion is related to the shape of the Haskell-Thomson determinant surface that presents several minima (in correspondence of each mode). The inversion process is therefore particularly sensitive to the initial model. Hence, to use it in a deterministic inversion, the initial model should be carefully selected.
To overcome the criticism of the method and to exploit its advantages, we implemented an inversion strategy based on a preliminary MCI of a global dispersion curve that supplies a set of low misfit velocity profiles, and on a consecutive linearized LCI that exploits the MCI results for a consistent model parameterization and that supplies the local properties of the site. Both MCI and LCI start with preliminary inversion using only the fundamental mode and apply the described multimodal approach for a result refinement. the layers. Density and Poisson ratio (or P-wave velocity) are assumed a priori because dispersion curves are poorly sensitive to their variations.
The scheme of the inversion strategy is outlined in Fig. 4 . The different steps start from a broad-band model parameter space exploration and focus on the high probability density (low misfit) model regions with successive refinements performed. This is accomplished first through MCI and finally through LCI. MCI supplies global information about the site's velocity model. It disregards eventual lateral variations and is also used to assess the level of information about possible anisotropy within the velocity profile. MCI is also used as a preliminary inversion to define a consistent initial model for LCI, which then accounts for possible lateral variations and ultimately supplies local site properties.
The inversion results were used as input for a full-waveform simulations performed through the NGI's in-house program LaySac5 (see below; Kaynia 1996) . The simulation results were ultimately compared with the data in the f -k domain.
Monte Carlo inversion (MCI)
Monte Carlo algorithm based on the multimodal misfit function was proposed by and . It is here applied for the simultaneous inversion of Scholte and Love waves.
The principle of MCI is as follows: MCI is based on a random search in the model parameter space, which is defined as a uniform probability distribution of all unknown parameters. The ranges of variations of different model parameters represent the boundaries of the model parameter space within which models are randomly sampled. The model parameter is randomly sampled yielding a set of randomly generated models. For each randomly generated model, the forward modelling algorithm is run and the misfit with respect to the experimental dispersion curve is calculated. The randomly generated models are then ordered according to their misfit, with the best models constituting the MCI results.
Thus, the initial step in MCI is defining the model parameters' space boundaries, through model parameter ranges. These ranges should be as narrow as possible, to scan the model parameter space accurately with a reasonable number of simulations, but they must be sufficiently broad to include the 'true model'. Therefore, the inversion is performed in two steps. In the first step, a broad range is considered, to select the best-fit region of the model parameter space without biasing the inversion results with subjective choices (not shown here). Subsequently, a narrower range is determined, and the inversion is repeated for the narrower model parameter space defined on the basis of the first step results. For both steps, a total of 500 000 simulations are performed.
In both steps, the inversion initially uses only the fundamental mode. To improve the reliability of the results, a multimodal refinement is performed using just the best 5000 profiles obtained by the fundamental mode inversion. In this way, we guarantee that the fundamental mode is very well fitted for all the models. are defined as
where F is the general expression of the determinant misfit in eq. 1, W 1 is a weight that accounts for the number n of experimental data points in the kth mode to give to each mode the same weight and W 2 is a weight function of the wavelength λ corresponding to the ith data point. The aim of the weight is to account for the fact that data points that are evenly spaced in frequency domain become not evenly spaced in the wavelength domain (which is roughly related to the investigation depth). The reference model is essentially a flat-layered (1-D) system. The thin layers have fixed thickness and shear wave velocity is considered the sole unknown. This leads to a certain overparameterization of the model. Therefore, the result obtained is not necessarily the best profile, but the region where best profiles are included. Moreover, the spread of this region at different depth provides an idea about the uncertainty of the model estimation.
As both Scholte and Love dispersion curves are recorded, inversion should ideally be performed jointly. In case of anisotropy, shear wave velocity can be different with respect to propagation direction, and for this reason a preliminary inversion considering Love and Scholte waves independently was performed. Scholte and Love waves were hence inverted separately using the described procedure. Subsequently, they were inverted using the joint inversion scheme, but neglecting eventual anisotropy (as it was considered not to have a significant effect at the fairly shallow target depths). The simultaneous inversion of Love and Scholte waves is performed by minimizing a weighted sum of the absolute value of the determinant as
Laterally constrained inversion (LCI)
To retrieve more detailed, local properties of the shallow sediments along the seismic line, the data were processed with a laterally moving Hamming window that supplied local dispersion curves in six different locations along the line (Socco et al. 2009; Vanneste et al. 2011) . The local dispersion curves extracted along the line were then inverted through a least-squares LCI algorithm (Socco et al. 2009 ), based on the implementation given by Auken & Christiansen (2004) , to obtain a final pseudo-2-D result. The inversion result is constructed from a set of 1-D models in which each individual model is linked to an experimental dispersion curve. These neighbouring 1-D models are then connected sideways by lateral constraints that claim equality between neighbouring model parameters of the same type. In this way, all the dispersion curves along the line are inverted simultaneously, minimizing a common objective function, and the number of output models is equal to the number of 1-D soundings located along the seismic line. The constraints and the data are both part of the inversion. Information from one model will spread to neighbouring models through the lateral constraints. The result is a smoothly varying, pseudo-2-D model. Consequently, the output models form a balance between the constraints, the physics and the data. Model parameters with little influence on the data will be controlled by the constraints. The lateral constraint represents the variance of the difference allowed for the same parameter between neighbouring models: the greater the variance, the weaker the constraints. The strength of the constraints can be tuned according to a priori information on the geological variability in the area, with previous applications (Boiero & Socco 2010) suggested to set the value of the lateral constraints according to a criterion based on the analysis of the misfit at the last iteration. The level of constraints is increased until the misfit starts to increase as well. Lateral constraints are scaled according to the model separation so that they are weakened with increased separation. This approach has proved to be very effective in reconstructing smooth lateral variations (Socco et al. 2009; Boiero & Socco 2010) and has the further advantage to be less sensitive to the initial model than individual inversions performed on the same set of dispersion curves (Boiero & Socco 2010) . Anyway, to improve the consistency of the results, the initial model for the LCI was obtained from the MCI results. Differently from MCI, the reference model in LCI was selected according to a criterion of minimum parameterization and both V S and thicknesses were inverted for. Also in this case, preliminary inversion was performed using only the fundamental mode and adopting a traditional misfit function (based on the calculation of synthetic dispersion curves). Lateral constraint strengths were set according to some preliminary tests (not shown here). The level of constraints can be considered medium for both velocity and thickness without imposing further constraints on parameter values. After fundamental mode inversion, multimodal LCI refinement was performed using the results of the fundamental mode LCI to define the initial models and adopting the multimodal approach described above.
The dependency of surface wave velocities on subsurface parameters is in general described as non-linear differentiable forward mapping. We follow the established practice of linearized approximation by the first term of the Taylor expansion
where g is the non-linear mapping of the model to the data space, d obs and e obs are the experimental data and errors. The true model m true has to be sufficiently close to some arbitrary reference model m ref for the linear approximation to be good. The Jacobian G contains all of the partial derivatives of the mapping
where, for the fundamental mode analysis, each element of G is equal to
where c i represents the ith data point and m j is the jth model parameter. For the multimodal analysis, each element of G is equal to
where F i is the value of the determinant misfit (eq. 1) in correspondence of the ith data point and m j is the jth model parameter. The sensitivity matrix G of experimental data with respect to each model parameter obtained by the LCI was performed through computation of numerical double side partial derivatives.
Full waveform simulations-LaySac
The complexity of the wavefield generated by the seabed-coupled shear wave vibrator stresses the need for robust and reliable full waveform forward modelling, in which the field survey design can be simulated as good as possible. This was accomplished with NGI's in-house program LaySac5 (Kaynia 1996) . LaySac5 adopts discrete Green's functions to solve wavefield equations analytically for propagation of oblique P-and S-waves due to uniform dynamic disk load on the surface or embedded in uniform, horizontally stratified (1-D), viscoelastic media. The layers are stacked applying a dynamic stiffness-mass matrix approach. Damping factors (or inversely, quality factors) can be set for P-and S-waves independently. Limitations are that lateral variations in physical parameters, dipping stratigraphy and anisotropy cannot be included. LaySac5 returns full 3-D, complex displacements (i.e. f -x domain) in which phase, amplitude and attenuation as a function of frequency and distance are fully accounted for. MatLab routines were used for inverse and forward Fourier Transforms on LaySac5 results to obtain synthetic seismic profiles (shot gathers) and their f -k spectra, respectively. Complex displacements were scaled into acceleration in the frequency domain, with additional scaling for specific source signatures (sweeps) applied. Quality control was conducted on f -x, t-x and f -k spectra before further processing was done with SeismicUnix and/or MatLab routines.
R E S U LT S
In the following the more significant results of both MCI and LCI are presented and commented. Then the full-waveform simulations are compared with the real data.
MCI results
After performing preliminary MCI with wide boundaries of model parameter space (results not shown here) a narrower model parameter space was selected for subsequent MCI refinement. This allows a more effective analysis to be performed. In fact, a more accurate exploration of the model parameter space is possible with the same number of simulations. Layer thickness, P-wave velocity and density are fixed and their values are summarized in Table 1 . The choice of a fixed value for P-wave velocity (equal to 1500 m s −1 for all layers) is based on two considerations: (i) the surface wave dispersion curves (both Rayleigh and Scholte waves) are more sensitive 244 V. L. Socco et al. to S-wave velocity than to P-wave velocity as shown by several authors (Ewing et al. 1957; Rauch 1980; Xia et al. 1999 ) and in particular, Bohlen et al. (2004) confirmed the poor sensitivity of Scholte waves to P-wave velocity in a similar seabed sedimentary environment; (ii) the low S-wave velocity values encountered at this site suggest soft saturated sediments for which the P-wave velocity can be assumed very close to water velocity.
The best velocity models obtained through fundamental mode inversion and multimode inversion are plotted in Figs 5(a) and (b) for Scholte and Love waves, respectively. Both plots show the best 20 profiles, with colour intensity representing the misfit of the velocity profile from best to worst of the selected 20 profiles. Since the reference model for these inversions is made of a series of thin layers with fixed thicknesses, the results in terms of best profiles should be considered as an indication of the trend of the velocity and the spread of the velocity ranges provides an idea about the uncertainty of the velocity at different depths. The velocity is gradually increasing from very low values in the uppermost layers (about 50-80 m s −1 ) down to about 400-500 m s −1 at 40 m depth. Comparing the fundamental mode inversion results with the multimodal inversion results we note that the width of the velocity ranges is significantly reduced in the multimodal results, particularly in the depth range from 10 to 20 m. The resulting dispersion curves are plotted in Figs 5(c) and (d) for Scholte and Love waves, respectively. The coloured surface is the absolute value of the Haskell-Thomson matrix determinant for Scholte and Love waves for the best-fitting profile. The minima correspond to the actual dispersion curves for this model. Comparison with the observed data shows a very good match/fit for the fundamental mode as well as the first four higher surface wave modes.
The best-fitting velocity models of multimodal inversion of Scholte (red lines) and Love waves (blue lines) are compared in Fig. 6 . The trends essentially overlap, except for the half-space. This difference, relative to the half-space, could be expected observing the maximum velocity of the dispersion curves for Scholte and Love waves, respectively. The fact that deviations between the shear wave profiles for Scholte and Love waves within the actual soil Table 2 . Initial model for fundamental mode LCI; the unknown parameters are layer thickness and S-wave velocity whereas P-wave velocity and density are fixed. The water layer is relevant only for Scholte waves. model are low indicates that anisotropy is not likely to occur in these soils. Therefore, dispersion curves of Scholte and Love waves can be jointly inverted assuming a unique shear wave velocity model for both propagation phenomena. The inversion is performed combining the misfit of both Love and Scholte waves for each randomly generated model. The two misfits were combined to obtain a unique misfit function by normalizing them according to eq. 4. Fig. 7 illustrates the results of joint MCI. The 20 best-fitting profiles obtained by fundamental and multimodal inversion of Scholte and Love waves are plotted in Fig. 7(a) , whereas the misfit are plotted in Figs 7(b) and (c) for Scholte and Love waves, respectively. The trends of the velocities are not significantly different from the ones obtained for individual multimodal inversions but the wideness of the velocity ranges for Love waves appear slightly reduced with respect to individual Love wave inversion. Synthetic dispersion curves of the best fitting models are plotted over the stacked f -k spectra of Scholte and Love waves, respectively, in Figs 7(d) and (e).
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LCI results
Since the processing for LCI was performed using a moving window placed in six different position along the seismic line (Vanneste et al. 2011 ; Fig. 2 ), the fundamental mode LCI for Scholte and Love waves supplied six shear wave velocity models that are associated to the centre coordinate of the processing window used to extract the experimental dispersion curves. The initial model for fundamental mode LCI was selected on the basis of the MCI results. For LCI both S-wave velocity and thickness of each layer are unknown and a reduced number of layers was therefore adopted with respect to MCI reference model. The initial model is reported in Table 2 and was adopted for the six dispersion curves in the LCI. It is worth noting that the limited maximum wavelength retrieved from the fundamental mode dispersion curves reduces the investigation depth obtainable with fundamental mode inversion. This was also confirmed by MCI results that clearly showed a poor model resolution below 10 m depth. For this reason the reference model depth was limited to 30 m.
The retrieved S-wave velocity profiles for the six positions along the line are presented in Fig. 8 . The retrieved velocities are in agreement with the velocity ranges obtained from the MCI in the depth of interest. The match with the fundamental mode dispersion curves for all models is shown in Fig. 9 .
After fundamental mode inversion, a multimodal LCI refinement was performed using the results of the fundamental LCI as initial models. Two extra layers were added to account for greater investigation depth that can be reached by including higher modes. These two layers were set according to MCI results. In this case, the determinant misfit function was adopted to account for higher modes. Lateral constraints are set to a medium value for both velocity and thickness and an additional constraint fixed the values of the parameters for the first layer (that was very well resolved by the fundamental mode LCI). The initial models for the multimodal LCI are reported in Table 3 . Also in this case both S-wave velocities and thicknesses were considered unknown in the inversion. Density and P-wave velocity were fixed as in the MCI.
The results of multimodal LCI for Scholte and Love waves are presented in Fig. 10 in which the obtained models are associated Figure 8 . Scholte wave (top) and Love wave (bottom) fundamental mode LCI results for the six dispersion curves extracted using the moving processing window. The six S-wave velocity models (M1 to M6) are plotted in correspondence to the centre of the moving processing window used to extract the experimental dispersion curve. Figure 9 . Fitting of the dispersion curves at the last iteration of the Scholte wave (top) and Love wave (bottom) fundamental mode LCI. The dispersion curves are ordered with the same number of models as in Fig. 8. to the centre coordinate of the processing window used to extract the experimental dispersion curves. One example of fitting with the Haskell-Thomson determinant is presented in Fig. 11 .
The results of multimodal LCI for all the profiles for both Love and Scholte waves are compared with those obtained from MCI (Figs 12a and b) . The S-wave velocity models from M1 to M5 (depicted in green) are extracted from the same portion of seismic line from which the dispersion curve used in MCI is extracted, whereas the S-wave model M6 (depicted in red) is extracted from the other side of the source (Vanneste et al. 2011) . The results can 248 V. L. Socco et al. Table 3 . Initial models for multimodal LCI; the unknown parameters are layer thickness and S-wave velocity whereas P-wave velocity and density are fixed. further be used to investigate anisotropy. In Fig. 10 (c) the average ratio of the S-wave velocity values obtained from Love and Scholte wave inversion for all the profiles is reported for different depth. The error bars refer to the range of values obtained from LCI for the different subprofiles. These values indicate difference of the Vertical and Horizontal S-wave velocity ranging from -20 per cent to +20 per cent. These values are, however, within the velocity ranges evidenced in the MCI results and we therefore consider them within the uncertainty of the estimation. A sensitivity analysis of experimental data with respect to each model parameter obtained by the LCI was performed. For the model M1, the sensitivity matrix obtained for fundamental mode LCI of Scholte and Love waves is presented in Fig. 13 . Data points on the vertical axis are ordered according to frequency. On the horizontal axis, the individual parameters are considered starting from layer thickness and then velocity ordered according to layer number. The absence of sensitivity for the first layer is due to the fact that in Scholte wave models the first layer is the water layer (not plotted in the inversion results). The sensitivity of deeper layers is very low while the parameters of the first two layers are well resolved for all the models.
The sensitivity analysis was also conducted for multimodal LCI. In this case, sensitivity is calculated for all the modes. The sensitivity matrix for the model M1 is presented in Fig. 14 with the same scheme of Fig. 13 , except for the fact that the data points on the vertical axes are ordered according to frequency and all the modes are successively displayed.
Full-waveform simulation results
The full-waveform simulation was performed using the S-wave velocity profiles obtained through the LCI at the position M5 for both Scholte and Love waves. These velocity profiles were chosen as they are the closest to the source and lateral variation could not be included.
The outcomes of the full-waveform simulation were processed in f -k domain to extract dispersion curves. The same modes used in the 250 V. L. Socco et al. inversion were plotted over the spectra of the field data (Fig. 15) . The match between the synthetic and field data is quite good, covering the fundamental and several higher surface wave modes. The synthetic data illustrate that, in noise-free conditions, a larger number of higher surface wave modes would be detected. The good match confirms the possibility of using the retrieved velocity profiles as input for advanced modelling and geomechanical/geodynamic applications.
D I S C U S S I O N
The used multimodal inversion method is powerful and efficient but suffers from strong sensitivity to initial model and solution non-uniqueness. For this reason, inversion strategy based on preliminary inversion using only the fundamental mode followed by a multimodal refinement was adopted in both MCI and LCI. The results obtained through MCI and LCI of the dispersion curves can be summarised as follows. The evidence of the higher surface wave modes in the recorded data on different orientations and including these into the inversion schemes improves the final results, with respect to inversion in which solely the fundamental mode is taken into account. This is clearly evident in MCI results in which the multimodal inversion always returns a narrower model range compared to the fundamental mode one (Fig. 5) . This implies improved model parameter resolution and ultimately reduces final uncertainties. In particular, fundamental mode inversion provides a very well Figure 14 . The sensitivity matrix for multimodal Scholte (top) and Love (bottom) wave for the model M1 (log scale); data points (ordered according to frequency and to modes) are on the vertical axis; parameters starting from layer thickness (ordered according to layer number) and then velocity (ordered according to layer number) are on the horizontal axis.
resolved result in the first few metres, but it does not provide reliable information on deeper layers. On the contrary, multimodal inversion result is less resolved in the uppermost layers, but it provides better results in the deeper part. Also for the linearized LCI, multimodal inversion allows to increase the investigation depth (Figs 8 and 10) and to improve the sensitivity, particularly for deeper layers (Figs 13  and 14) .
The velocity models obtained reveal a gradual velocity increase starting from values lower than 50 m s −1 (very soft soil) in the uppermost layer, up to values over 400 m s −1 for the half-space, at around 40 m subsurface depths. Models obtained from Scholte waves and Love waves were compared (Fig. 6) to assess for the existence of anisotropy. However, there are no significant differences in the velocity values except for the half-space, for which sensitivity with respect to the model parameters is very poor, as evidenced by sensitivity analysis reported in Figs 13 and 14 . Hence, the estimation of model parameters of these layers is affected by a larger uncertainty. The joint inversion (Scholte + Love waves) allowed the width of the obtained velocity range to be further reduced to some extent (Fig. 7) .
Results of multimodal LCI illustrate a very smooth lateral variation of the layer thicknesses (Fig. 10) . The velocity distribution can anyway be considered 1-D as far as guided wave analysis is concerned. The results obtained are consistent with the MCI ones, as is illustrated in Fig. 12 which compares MCI and LCI multimodal inversion results. Models from M1 to M5 refer to the same seismic line segment from which the global dispersion curve inverted through MCI was retrieved, while M6 model refers to a seismic line segment, which is not comprised in the global dispersion curve. Except for M6 Love waves, LCI models are contained in the region of the model parameter space selected by the MCI bestfitting models. It is worth noting that in the MCI one only inverts for the velocity fixing the interface positions whereas in LCI the interfaces are free to move to shed light on lateral variations. Hence, according to the LCI results one could say that the soil properties are constant along the line whereas the depth of the interfaces likely changes laterally/spatially.
It is furthermore important to stress that the relatively limited investigation depth (<50 m) is related to occurrence of very low velocities encountered in the uppermost soils, which affect surface wave propagation. Low velocity waves are characterized by short wavelengths and therefore limited penetration, thus investigation depth. This implies that the limit encountered in this specific data set is not related to the kind of experiment but only to the peculiarity of the site, draped with soft clays. In particular, the used source allowed high quality dispersion curves to be retrieved down to the frequency of 2 Hz, which is a favourable minimum frequency in terms of investigation depth.
The inversion of both Scholte and Love waves provide the vertical and horizontal S-wave velocities, respectively and could therefore be used to assess anisotropy in the shallow sediments. On the other hand, the uncertainties of the estimation do not supply, for the presented case, a significant evidence of anisotropy.
C O N C L U S I O N
The use of a seabed-coupled prototype shear wave vibrator and densely populated ocean-bottom cable configuration resulted in the acquisition of high quality surface wave dispersion curves of both Scholte and Love wave types. The presence of several surface wave dispersion curves related to different modes of propagation was exploited through the use of a multimodal, guided-wave inversion algorithm. This unique data set allowed a variety of inversion schemes to be applied, amongst which a novel joint Scholte and Love wave multimodal inversion, to our knowledge the first one of its kind.
The individual and joint (Scholte and Love waves) multimodal inversions were performed with a MCI algorithm to supply a global S-wave velocity profile at the site. The results obtained allowed the seabed sediments to be characterized down to approximately 40 m depth. Anisotropy appeared not significant for the shallow soils, by comparing results from the different inversion schemes.
To assess the presence of lateral variations, a multimodal, linearized LCI was conducted on six dispersion curves along the seismic line. The results revealed a smooth variation of the layer thicknesses.
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The implemented approach shows that guided waves present in seabed seismic records can be profitably inverted to characterize the seabed sediments in high detail, both laterally and vertically. The inclusion of higher modes allows the S-wave velocity estimation to be more reliable and the investigation depth to be increased. A foreseeable improvement is related to the possibility of studying anisotropy of the S-wave velocity.
